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TABLES Page In n1ost of Ghana, including all the northern and eastern adnlinistrative districts and some coastal areas, seasonal shortages of water, and especially of potable water, are chronic. The seasonal distribution of precipitation is such that many strea1ns and springs fr.il in the dry season. Moreover, the yield of 1nost shallow dug wells declines sharply during the dry season, and many wells go dry. The basic problems are, therefore, the improvement, utilization, and conservation of the available sources of water, as these are essential for continued economic growth.
Ghana ·s undeveloped mineral wealth and the natio'lal will for greater economic self-sufficiency have led to increasing emphasis on industrial development, which is dependent on adequate sources of water and power. The Volta River Project, designed to dam, control, and regulate the flow of the Volta, utilizes the impounied water to generate power for industrial, municipal, and rural use. T'1.e impoundInent of the Volta by a dam at Akosombo has necessitateC'. the resettlement of a large rural population that formerly lived in the inundated area. The need for providing adequate potable water supplies for resettlement villages, as well as for industrial development, has stimulated new interest in more complete knowledge of the ground-water resources of the country. The Volta River Authority p=--questecl the services of a hyclrogeologist through the U.S. Agency for rnternational Development (USAID) to advise the Volta River Authority on problems related to exploration for new ground-water supplies. This writer was assigned by the U.S. Geological Survey to this work and during early 1964 made a 3-month reconnaissance study of ground-water conditions in Ghana which are sununarized in this report. Publications of the Geological Survey of Ghana and unpublished data frmn the files of the Division of Water Supplies at Kumasi were used to aid the reconnaissance.
PREVIOUS INVESTIGATIONS
Ground-water studies, related chiefly to the location or siting of boreholes for local water supplies, have been 1nade by tl·"' Geological K4 HYDROLOGY OF AFRICA AND THE MEDITERRANEAN REGION predominates over woodland. In the southeast, however, the even banding of vegetation zones in Ghana is interrupted by an area of savannah and scrub forest vegetation, resulting from an orogmphic anomaly in the amount of rainfall. Also, in the low-lyring land along the Gulf of Guinea are coastal thickets and grasslands and, where 'brackish water prevails, mangrove swamps.
Ghana as a whole is classed as a lowla. nd, even though the upland area of the Volta Region is occasionally referred to as "mountainous."
Base f r om S u r "ey o f G han a; scale 1:2,000,000. Lake Volt a from Road Map of Gh<Jna , 5t h ed• t ion , Se pt 1965, scale The greater part of the country is less than 1,000 feet above sea level. No ridges exceed an altitude of 3,000 feet, the highest being Afadjoto at 2,905 feet in the Volta Region (pl. 1) on the Republic of Togo border.
The 1nost notable topographic feature in Ghana is the escr.rpinent forming the southern limit of the Voltaian sedimentary basin (pl. 1). The escarpment is marked throughout 1nost of its length by a single or double ridge. It rises fron1 an altitude of about 500 feet to about 2,500 feet and runs essentially unbroken frmn l{oforiclua to .,..Venchi, a distance of some 160 n1iles. Elsewhere in Ghana the greatest variations in local relief occur in the rain, transition, and sen1icledcluous forest zones. In the rain forest the hills comn1only rise about 150 to 250 feet above the general level of the surrounding plains. Further inland, howe"\""er, in the transition and semideciduous forests, the hills rise as much as 1,000 feet above the plains. This topography is contrasted with the gently rolling terrain found in the Guinea savannah. Inselbergs marked by steep slopes are characteristic of the southeast and northwest parts of the country.
The esc.arpment at the southern limit of the Voltaian sedimentary basin forms a drainage eli vide separating the Volta River syste.1n frmn several s1naller river systems which drain southward to the E~a. The Volta, one of the major river systmns of west Africa,, drains with its tributaries all the northern and central parts of Ghana. Thf, 1nouth of the Volta, on the Gulf of Guinea, is Jna,rke{l by a small drlta and extensive tidal lagoons (pl. 1). The flow of all the rivers in Ghana is 1narkedly seasonal. In the Volta River basin, only the maj')r tributaries are perennial; the minor tributaries are ephem ~ral or intermittent.
CLIMATE
The characteristic features of Ghana's clinmte are prevailing high temperature and marked variation in the amount, duration, and sea,-sonal distribution of rainfall. The dry seasons, which separate the rainy seasons, are longer and 1nore intense with increasing latitude.
Ghana receives abundant solar radiation at all times of the year because of its nearness to the equator. The 1nean a.m1ual tmnprratures for stations in Ghana generally range fron1 79° to 84°F. Temperatures are somewhat lower near the coast than they are further inland, because of the cooling effects of the sea. The daily 1nean range of temperature is 12° or 13°F near the coast and as 1nuch as 18° to 30°F further inland. Over the greate.r part of the com1try, the 1nonthly n1ean 1naximum temperatures occur in March or February, while the 1nean n1inimun1 occurs in August. The annual mean n1aximmn te1nperature is greatest (94°F) in the extre1ne north and least on the coast (85° to 360-643-69--2 
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HYDROLOGY OF AFRICA AND THE MEDITERRANJjAN REGION 86°F). The lowest monthly 1nean minimum ten1peratures occur in January in the interior of the country and in August along the eoast, while the highest absolute temperatures are recorded in ~larch. Generally, high temperatures occur in February and Marcl just before the onset of the rainy season. The lower temperatures occur at night in inland districts when the prevailing air mass is relatively cool and the skies are suffieiently clear to permit rapid radiation. Near the coast, where the influence of the "harmattan" or continental ainnass is not as strong, such conditions are found during the dry month of August. This is also the time when day temperatures are lowest, c·wing to 1nist from the sea.
Rain in Ghana results frmn the interaction between the northeast trade winds and the southwest winds or monsoon. The m~eting of the northeast trade winds with the warn1 moist air of .the 1nonsoon promotes cooling and condensation 'vhich are necessary for rain to form. The highest annual rainfall occurs near Axim, which has more than 85 inches, and diminishes gradually northward to that between 40 and 50 inches in the Northern and Upper Regions and between 30 and 40 inches in the novtheast (pl. 1). The only major departure frmn this general pattern is in the area lY'ing south and east of a line between Takoradi and Ho,. where the annual rainfall decreases fron1 50 inches to less than 30 inches. The zone of least rainfall lies in a belt along the coast to the east and west of Accra.
GEOHYDROLOGY
About 45 percent of Ghana is underlain by a wide variety of Precambrian igneous and metamorphic rocks. This area constit·1tes the Precambrian geohydrologic provinee, which, for purposes of description of geology and ground-water conditions, can be further divided into three subprovinces. The Voltaian geohydrologic provinc') includes an area underlain by consolidated sedimentary rocks of the Yoltaian Formation of Paleozoic age. These rocks, which are flat lying or gently dipping, occur in extensive sedilnentary basin that includes about 35 percent of Ghana. The Coastal Block Fault province consists of a narrow, discontinuous belt of Devonian and Jurassic sedinwntary rocks that have been broken into numerous fault blocks and are transectecl by minor intrusives. The Coastal Plain geohydrologic province is underJain by semiconsolidated to unconsolidated sediments, ranging frmn Cretaceous to Holocene age in southeastern Ghana and in a relatively small isolated area in the extreme southwestern part of the country. The Alluvial geohyclrologic province includes narrow b",nds of alluviuln of Quaternary age, occurring principally adjacent to the Volta River and its major tributaries and in the Volta delta. The alluvial GROUND-WATER RECONNAISSANCE, REPUBLIC OF GHANA 1{7 bands along the lower reaches of the Volta and its tributaries are now covered by the new Lake Volta reservoir. Some narrow banes of alluvium, however, not shown in plate 2, occur in reaches of these streams upstream from Lake Volta. The areal extent of the geohydrologic provinces of Ghana is shown in plate 2. PRECAMBRIAN 
PROVINCE LOWER PRECAMBRIAN SUBPROVINCE
The Lower Precambrian subprovince includes the area where rocks of the Dahomeyan Formation underlie the Accra plains and th~ southern parts of the Eastern and Volta Regions. These rocks also extend across Togo, Dahmney, and into Nigeria. They consist 1nainly of crystalline gneisses and migmatites, with subordinate quartz schist, biotite schist, and other sedimentary remnants. The rock types occur as persistent parallel belts several 1niles wide that strike north-northeast and eli p about 25 ° towards the southeast.
The area underlain by the Dah01neyan rocks is one of low r~lief on a gently sloping peneplain. Inselbergs of mafic gneiss rise sharply from this plain. The gneisses including both silicic and 1nafic varieties, are generally massive and ha.ve few joints or fractures. The silicic gneiss cmnmonly weathers to slightly permeable clayey sand, whereas the mafic gneiss weathers to impermeable calcareous clay. The generally impervious nature of the weathered zone and the massive crystalline structure of the rocks li1nit the availa:ble ground. water that ean be developed by wells or boreholes. Present usage in Ghana defines a well as a shallow, hand-dug waterhole. A borehole is g('nerally of s1nall diameter, relatively deep, and put clown by cable tool or hydraulic rotary drilling rig.
Northeast of Accra in the Accra Plains, 25 boreholes have been drilled in Dahmneyan rocks for water (pl. 2). Nine borehobs were considered successful with an average yield of 1,078 gph (galhns per hour) or 18 gpm (gallons per minute). The yields obtained from the nine boreholes range fron1 120 to 2,500 gph. All gallons p~ferred to in this report are in11perial gallons.
The chemical analyses of water san1ples frmn seven of the boreholes indicate that the water is generally of usable quality for most dmnestic, municipal, and industrial purposes. The iron concentrations range from 0.3 to 4.2 mg/1 (milligrams per liter). Concentrations of iron and manganese above 0.3 mg/1 cause noticeable precipitation of iron oxides, when the water is allowed to stand. The pH is slightly acidic in five of the samples and may indicate slightly corrosive water. The chloride concentrations range from30 to 195 mg/1. Nitrate concentrations in four of the wells indieate local pollution and a possible source for some of the chloride concentrations. The Middle Precambrian subprovince is n1ade up of rocks of the Birrimian Formation and associated instrusives. The Birrilnian consists of 'a great thickness of isoclinally folded, InetaJno~phosed sediments intercalated with metam.orphosed tuff and lava. The tuff and lava are predon1inant in the upper part of the formation, whereas the sedin1ents are predominant in the lower part. The er~ire sequence is intruded by batholithic 1nasses of granite and gneiss, vrhich in some areas have partly or cmnpletely granitized the Birrimian host rocks. The sedin1ents, dmninantly argillaceous, were Inetamorphosed to schist, slate, and phyllite with son1e intevbedded graywacke. These rocks contain varying amounts of eal'bonaceous, ferrous, manganiferous, or calcareous 1naterial. The tuff and lava range from n1afie to silicic cOinposition, but the 1nafie types are 1nost eornmon. ~fany of the mafic lavas were extruded underwater. The base, and therefore the thickness, of the Birrimian is unknown, because the areas of deepest erosion reveal only the granitized roots of the eomplex.
The granites ·and gneisses associated with Birriinian rocks are of eonsiderable importance in the water economy of Ghana, because they underlie extensive and usually well-populated areas. The, granites and gneisses have similar hydrologic properties. They are n':lt inherently penneable, but they do have a secondary per1neabilit~T or porosity developed as a result of jointing, fracturing, and weath~ring. 'Vhere precipitation is high and weathering agents penetrate deeply along joil1t and fracture systems, the granites and gneisses commonly are eroded down to form comparatively low-lying areas. On the other hand, in the Northern Region, where the precipitation is less, and in some parts of of the forests zones of southern Ghana, the granites occur in Jnassive, poorly jointed, rocky domes (inselber~) that rise above the surrounding lowlands. Elsewhere, weathering nay penetrate deeply along individual joint planes or zones of jointing, and in favorable areas weathered granite or gneiss may form per1ncable groundwater reservoirs. Major fault zones also offer favorable locations for ground-water storage. In the vVa district of the Uppe:e Region, the regolith (zone of weathering) locally is as much as 450 feet thick, but in n1ore eastern districts of the Upper Region the regolith generally is only about half as thick.
In the ""\Va granite of the Upper and Northern Regions (pl. 2), 328 boreholes have been drilled, and of these, 279 were considered successful. The yields dbtained frmn successful boreholes averaged 1, 200 ( 44 gp1n). The yields in this group of boreholes ranged from 700 to 6,400 gph. In this area the boreholes with the highest average inc 1 ividual yields are located between Berekum (6) and Dorn1aa-Ahenkro (11), plate 2.
Boreholes tapping the upper part of Birrimian rocks in th~ Western Region from Enchi northeast to the Voltaian escarpment and frmn Axim northeast to Bogoso have an average yield of 2,787 pgh ( 47 gpn1). The average yield was con1puted by using 12 successf"Il boreholes, out of a total of 16 drilled, whose yield ranged frorr 200 to 4,330 gph. The areal distribution of boreholes in Upper Birrimian rocks is small, and the greatest concentration of high-yieldir.?; boreholes is in the Enchi and Bogoso areas. Boreholes tapping these rocks at Axim near the coast in the Western Region and at Buruata (31) in the Central Region have much lower yields (pl. 2).
The analyses of water from the boreholes tapping the Birrimian rocks and associated granites and gneisses indicate that the water is u~able for most purposes. In some areas, temporary hardness exceeds 100 mg/1, and the iron and manganese concentrations are alvwe 0.3 mg/1. These concentrations, however, are not high enough to require water treatment.
J{10 HYDROLOGY OF AFRICA AND THE MEDITERRANEAN REGION UPPER PRECAMBRIAN SUBPROVINCE
The Upper Prec::unbrian subprovince includes, from old':)st to youngest, the rocks of the Tarkwaian, Togo, and Buem Forn.ations. The Tarkwaian rocks comprise slightly Inetamorphosed shallol!-water sediments, chiefly sandstone, shale, and conglmnerate, resting unoonfornlably on and derived frmn the Birrimian. The rocks arF eight to 10 thousand feet thick in the Tarkwa area. The Tarkwaian rocks have been intruded by thick laccoliths and sills of epidiorite and, like the Birrimian, have been folded along axes which run northeast to southwest. In some areas the rocks were folded and metamor')hosed after the e1nplacement of the intrusives~ The areas underlain l'y the Tarkwaian rocks are not as extensive as those underlain by tl'~ Birri1nian rocks. The largest area lies in a band extending from l{onongo to Tarkwa (pl. 2).
The Togo Fonnation consists of metamorphosed arenaceous and argillaceous sedin1ents. The formation includes indurate-:-1 sandstone, quartzite, quartz schist, shale, phyllite, sericite schist, talc mica schist and son1e limestone. These rocks are highly folded and form the chain of hills known as the Akwapim-Togo Ranges that extends ·northeast from the coast near Accra to the Togo border. The quartzites and related rocks commonly fonn hills, and the shale and phyllite are found in intervening valleys.
The Buen1 Formation consists of a thick sequence of shale, sandstone, and volcanic rocks with subordinate limestone, tillite, grit, and conglomerate. Rocks of the Buem Fonnation underlie a very considerable stretch of Ghana on the western side of the Alrvapim-Togo Ranges, including the J{pandu, J asikan, and Hohoe ar~as and the area northeast to the Togo frontier (pl. 2). The basal beds of this fonnation are mainly shale overlain by sandstone. Overlying the sandstone is conglomerate and tillite interbedded with shale. Rocks of Yolcanic origin form the upper part of the Buem and include lava, tuff, and agglmnerate interbedded with shale, limestone, arcl sandstone.
The three units of the Upper Precambrian subprovince-the Tarkwaian, Togo and Bumn~are lithologically similar and have similar water-bearing properties. The rocks themselves a,re largely impervious but contain openings along joint, bedding, and cleava.ge planes. Where these openings are extensive, good supplies of ground -.;<rater can be developed from boreholes. Springs frequently occur alorg the flanks of hills where quartzites are in contact with argillaceous rocks of the valleys, such as in the Akwapim-Togo Ranges. The weatl'':)ring of the quartzites yields an unconsolidated alluvimn of sand and quartzite fragments, which fonn veneers over the rocks of the valley plains.
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Good supplies of ground water are obtained fr01n shallow wells in this alluvium. Generally, the Upper Preca1nbrian rocks have relatively good potential for ground-water development with the most favorable areas for development in the valleys, where the rocks are higl'ly fractured.
In the Volta Region (table ·2) , of the 58 boreholes drilled in Buen1 and Togo rocks, 51 were considered successful. The average yield from these boreholes was about 2,000 gph (35 gpm), and yields ranged from 200 to 7,000 gph. The average depth of the boreholes is about 185 feet. Of 14 boreholes drilled in the Ho area, 10 were considered successful with an average yield of 2,040 gph (35 gpm) and a. range fro'TI160 to 5,400 gph. In this area the boreholes ·average 200 feet deep. The higher yielding boreholes in this area are believed to tap large fracture systems or fault zones.
Chemical analyses of water from 53 boreholes in the Voltr, Region indicate that the water is generally usable for most purposes. ~~he total hardness among these analyses averages 190 mg/1 and is mostly temporary hardness. The hardness concentrations range from 31 to 1,867 mg/l. Chloride eoncentrations average about 16 Ing/1, but tlnre were hvo boreholes with eoncentrations greater tJ1an 250 Ing/1. Iron and 1nanganese coneentrations were mostly in the general range of 0.3 to 2 mg/1, but concentrations as high as 40 Ing/1 are reported in a few cases.
VOLTAIAN PROViNCE
The Voltaian province is underlain by rocks of the Voltaiar. Formation, which is of probable Ca1nbrian to Silurian age. The for1nation underlies approximately 35 percent of the country and extends northeast beyond the borders of Ghana almost to the Niger River. ~t underlies the central and eastern part of the Northern Region, th~ central and eastern pari of the Brong-Aha;fo Region, and the northeastern parts of the Ashanti and Eastern Regions. These rocks oecur in a large sedimentary basin and form the most extensive seclin1ent-ary sequence in Ghana.
The northern, western, and the southern lin1its of the V oltdan Formation in Ghana are n1arked by escarpments, which slope down to bordering lower terain of Precambrian rocks. On the east, however, the Voltaran-Precambrian contact is in low-lying country and is 1nuch less conspicuous. The Voltaian Formation consists of interbedded Inudstone, sandstone, arkose, conglOinerate, and some limestone. The rocks are maJinly flat lying or gently dipping, except near the easten margin of the basin adjacent to the contaet with the Precambrian rocks, where the lower members of the formation are gently f(}lded. J unner ( 1946) K12 HYDROLOGY OF AFRICA AND THE MEDITERRANEAN REGION proposed the following classification or division of the Voltaian ForIn3!tion based on its lithology:
V2b-----------------------· Obosum beds; red and chocolate-colored arkosic mudstone and shale V'ith limestone and conglomerate. V2a-----------------------· Oti beds; yellow-weathering green mudstone, arkosic conglomerate and sandstone.
It is difficult, however, to map such a flat-bedded sequence of sedimentary rocks in a country of low relief, especially in the absence of adequate topographic n1aps. The best geologic sections are obtained fron1 exposures of the V oltaian in the escarpn1ent slopes, on three sides of the V oltaian sedimentary basin, and from a few boreholes in the central part of the basin. These boreholes indicate a great lateral variation in lithology in the basin. The Voltaian Form".tion has a maximmn exposed thickness of about 1,300 feet in the ri1n of the secliInentary basin. The deepest known borehole, at Tamale in the northern part of the sedi1nentary basin, ended in V oltaian rocks at a depth of about 2,300 feet.
The Voltaian rocks are generally well consolidated and are not inherently permeable. A possible exception, however, may occur in the plains area near the Sene River and in a long belt between I(ete-I(rachi and Sang where the strata may possibly be penneable. Here, the sandstone, quartzite, and arkose are well jointed and, upon weathering, produce pern1eable surficial materials. The mr.ssive sandstones found in the western and southern escaq)ments tr~d to have widely spaced, open joints, whereas the thin-bedded sandstones and arkoses have permeability developed on a large number of bedding planes and joints. Near the western and southern escarpments, the sandstone and overlying material store considerable ~.mounts of ground water, which discharges in springs along joints and bedding planes at many localities. These springs maintain many permanent streams, which rise in the sandstone hills. J unner ( 194f') reported such a spring near Abudom between Nkoranza and I(intampo with a measured flow in 1916 of 1 mgd (million gallons per day).
Shale crops out in the central part of the Voltaian s~dimentary basin, except for a few isolated areas where sandstone crops out, as those near Tamale. In this part of the basin, the relief is low, and the shale lies at shallow depth and is generally capped by a few feet of laterite. In the wet season, large areas are covered by shallow ephem-GROUND-WATER RECONNAISSANCE, REPUBLIC OF GHANA K13 erallakes or ponds, which become dry during the dry season. The lack of springs on permanent tributary streams indicates the alw~nce of shallow ground water. Artesian conditions might, however, 1'3 anticipated if the permeable arkosic sandstone cropping out around the upland rim of the basin for1ns a continuous bed extending beneath the shale cover of the low-lying center of the basin. The majority of the boreholes thus far drilled in the V oltaian basin are relatively shallow, and the presence or absence of artesian conditions has not been demonstrated.
In the Northern Region (table 2), 39 boreholes of which 28 were considered successful, have been drilled in the Voltaian Fcrmation. The boreholes had an average yield of about 800 gph (13 gpm). The average depth of these boreholes is 350 feet. Complete chemin.al analyses of water sa1nples from seven of these boreholes are available from the Tamale, Damongo, Salaga, and Gambaga areas. The water from these areas had an average total dissolved-solids concentration of about 1,100 mg/1.
Saline water in the northern part of the V oltaian sedilnentary basin appears to be fairly extensive and may 1narkedly limit tre future ground-water development of this area. In the Ta1nale and Daboya area, salt beds are known to crop out, and water from son1e b')reholes in these areas has high chloride concentration. At Tamale, chloride concentrations up to 1,560 mg/1 have been noted in water san1ples frmn shallow boreholes. Salt water has also been reported in tho. deeper boreholes at Daboya and Tamale. In a borehole at Daboya, salt water was found at a depth of 850 feet. In 1964, a borehole put down at Makongo near Yeji found salt water at 175 feet.
The boreholes in the V oltaian sandstone in the l{ete J{rr.chi area in the Volta Region (table 2) have 1nuch higher yields than l'')reholes in the explored northern areas of the Voltaian Formation. The aYerage yield obtained from 12 boreholes in Kete l{rachi area was 1,950 gph (33 gp1n) with a range in yield from 180 to 3,640 gph and ar. average depth of about 185 feet. In this area some of the boreholes flow indicating artesian conditions at shallow depth. Along the southern escarpInent of the basin between Wenshi in the Brong-Ahafo Ret!ion and Anyaboni in the Eastern Region, 33 successful boreholes tarping the Voltaian sandstone have an average yield of about 1,900 gph (30 gpm) with a range in yield from 7 5 to 6,840 gph.
Several deep exploratory boreholes to sample the full thickness of the Voltaian sedhnents in the central part of the basin are r~eded to evaluate potential artesian aquifers and possible mineral wealth. B60-643--69----3 K14 HYDROLOGY OF AFRICA AND THE MEDITERRANE.A N REGION COASTAL BLOCK .FAULT PROVINCE The Coastal Block Fault province is underlain by rocks of the Accraian and Sekondian Fonnations of Devonian age and the Amisian For1nation of Jurassic age. The rocks have been subjected to a postdepositional igneous activity and major block faulting. The faults strike in several directions and divide the rocks into a Inos"',ic of fault blocks. The Devonian rocks underlie Accra, Takoradi, and Sekondi and crop out along the coast between Sekondi and Cape Coast. The rocks at Accra (Accraian Fonnation) include sandstone, grit, and shale, whereas the Sekondian Formation near Sekondi ·ani Takoradi consists mainly of sandstone and shale with conglomerate, pebble beds, grit, and 1nudstone. The rocks of both formations lie unconformably over a complex of granite, gneiss, and schist of Precanbrian age. Fossils found in sandstone and shale near Takoradi sh0w the Sekondian Formation to be of Devonian age. Here the total section is at least 4,300 feet thick. Boreholes that tap these rocks have yields that average about 866 gph ( 15 gpn1) .
The Amisian Formation of probable Late Jurassic age is composed of poorly sorted, semiconsolidated sedimentary rocks-larJely lJebbly and bouldery shale and sandstone deposited in a fresh-water environment. The formation occurs in down-faulted blocks in FL~ecambrian rocks, which are also faulted. This formation crops out near the mouth of the Ochi (Amisa) River.
COASTAL PLAIN PROVINCE
In the Western Region from near Esiama to the Ivory Coast frontier (pl. 2), southwestern Ghana, Cretaceous to lower T€.rtiary sedinlentary rocks of the Coastal Plain province extend inland 5 to 15 1niles frmn the shore. The sedimentary sequence includes a thick section of alternating sand and clay with occasional thin beds of gravel and fossiliferous lilnestone. Except for the li1nestone nw~ubers, outcrops are rare. J unner ( 1940). described a line of outcrops of fossiliferous limestone that can be traced in a west-northwest direction from the beach at l(angan to the frontier. Because of ~their oil p<>tential, the limestone horizons were described in smne detail by Mitc 1 1ell (1960). Seepage of oil and gas have been reported at several plae~~s along the eoast near Bonyeri, Techinta, Tobo, and N auli. The N auli lilnestone horizon eontains five individual beds of limestone that average only a few feet thick and that are intercalated with clay. Th€. uppermost limestone bed is most persistent and can be followed alm0st continuously along the strike from west of Kangan to Edu. The variations in the eli p of these limestone horizons indicate warping ar d flexuring K15 of the sediments. At Bonyeri, an oil prospoot borehole was drilled to a depth of approximately 8,200 feet. The upper 376 feet of this blle penetrated thick beds of unconsolidated sand separated by relatively thin layers of white, yellow, red and black clay, and the Nauli limestone horizon was reported to be present between depths of 396 and 4 76 feet.
Ground-water supplies from boreholes in the Cretaceous to lower Tertiary sediments between Esiatna and Half A.ssini ( tab~e 3) are obtained largely from the upper 300 fe~et of the section. T~'irty-one out of 34 boreholes which were considered successful have an average yield of about 2,800 gph ( 46 gpm). Such yields are relatively low considering that unconsolidated, coarse, water-bearing sand predmninates in the upper part of the Cretaceous to lower Tertiary section. Much higher yields should be available from properly constructed and developed boreholes. In the zone adjacent to the shoreline, however, overdevelopment could lead to sea-water encroachment in the aquifers.
Chemical analyses of water samples from 15 of .the boreholes in the Cretaceous to lower Tertiary sediments in the Western Region suggest that the water from these aquifers is usable for tnost purposes. Chloride coneentrations in this area normally range between 10 and 25 tng/1; however, in the area between Beyin and . . A . . noehi, coneentrations of ehloride are somewhat higher. Periodic sampling of water from boreholes in this area should detect any increase in chloride conte,nt that 1night indieate sea-water encroachment.
The coastal belt of Togo and Dahmney and the Keta District of southeastern Ghana are also underlain by Cretaeeous to lower Tertiary consolidated and semiconsolidated marine sediments. In this area, these sediments are covered by younger continental deposits. Somewhat inland in Togo and Dahomey, erosion has removed the younger deposits and exposed the marine sequence. The Cretaceous to lower Tertiary sedilnents, where covered by younger sediments in Ghana, are known from borehole samples. The borehole (depth 134 feet) closest to the Ghanian frontier, where the stratigraphic sequence is well established, is at Togblekove, about 10 miles north of Lome, the capital of Togo. In this borehole, a fossiliferous blue marl was found at 85 feet and a bed of phosphatic limestone, at 126 feet; below 128 feet, fossils in a limestone indicate a Paleocene age.
In Togo and Dahomey, numerous exploration boreholes for water, phosphate, and oil have established a detailed stratigraphic s':'-Ction for the eoastal plain sediments. Slansky {1959) gave the following cmnposite section in ascending order:
1{16 HYDROLOGY OF AFRICA AND THE MEDITERRANEAN REGION 2. The top of the Maestrichtian is marked by a fossiliferous horizon. 3 . The Paleocene (Montian and Thanetian), about 150 feet thick, consists of beds of fossiliferous sandy limestone which conformably over lie the 1\Iaestrichtian. · 4. The Eocene (Ypresian) includes interbedded marls, lin1estones, and nummulites, which are overlain by a phosphatic facie~ dated as Eocene (Lutetian) by micro foraminifera. This marine. sequence is overlain by sandy and clayey beds at the base and "terre di barre" at the top. The thickness of the Eocene reaches a 1naxiinun1 of 325 feet.
The stratigraphic sequence in southeastern Ghana has not been worked out in as much detail, but the subsurface section ~is similar in most respects to the section described by Slansky in Togo and DahoIney. In the Keta area of southeastern Ghana, two limestono horizons have been traced in the subsurface. The upper limestone is probably equivalent to the limestones found in boreholes further inland at Anyako, Ehi, Fenyi Y okoe, and across the Togo frontier at Togblekove. West of Keta, however, in boreholes at Anloga, Anyanui, and Ada, the limestone horizons were apparently not found, even at depths of 2,000 :feet. A study of borehole logs along the coast :from Aflao to Ada suggests possible structural complications in the upper limestone. These boreholes, however, need to be logged by a gamma-ray logger to identify key n1arker beds, which could be used to determine accurately the structural trends in the area.
The limestone aquifers in the Keta area probably represert a single hydrologic unit recharged :frmn intake areas at higher altitude further inland. Figure 2 is a 1nap of the l{eta area showing location<;'! of boreholes, approximate altitude of water level (in :feet above sea level in the limestone aquifers), and the concentration of chloride in water :frmn the aquifers. Although the data are incmnplete, several features stand out, which may be significant and may warrant further consideration. Two recharge areas are indicated: one is centered at Av-enopeduAgbodrafo on the west and the other, at Dzodze-Ehi on the er-.st. These recharge areas are separated by an area of negative head ( artesian head below sea level) from W uti to Afi:fe. The artesian head in both the upper and lower limestones along the coast :from Aflao to Keta appears to be about 8 :feet above sea level. The extensive distribution of water of high chloride concentration in the !{eta area is particularly noteworthy. In the vVuti-Afi:fe area of negative :fresh-water head, the chloride concentrations are also high. Flooding by brackish or salty water in this area n1ay have permitted contamination by vertical percolation into the underlying limestone aquifers. Southwes~. of Keta toward Ada, the chloride concentrations in the ground water are ex- K18 HYDROLOGY OF AFRICA AND THE MEDITERRANEAN REGION ceedingly high-approaching the concentration of sea water. In this area, however, a continuously permeable section may be in direct connection with sea water, even though the limestones were not reported in the stratigraphic section. Because of the wide distribution of high-chloride concentrations in the ground water, further study of the Keta area is needed to establish in some detail the hydrogeologic framework. Periodic sampling of boreholes to measure significant changes in chloride concentration with time should have a high priority, particularly, if extensive groundwater development is undertaken in the Keta area.
Records of 43 boreholes in the Keta area · (table 3) indicate that the average yield of wells is 2,919 gph ( 48 gpm ). Boreholes tapping limestone aquifers along the coast from Aflao to Keta and inland around Anyako had average yields of 4,744 gph (80 gpm), and the yields ranged from 1,000 to 12,000 gph. Properly screened and developed boreholes in the Keta area would probably yield much greater quantities of water.
Chemical analyses from water in the 43 boreholes indicate that the ground water in the Keta areas is generally of usable quality. The average total of dissolved solids from the water sampled is about 1,000 mg/1, and the hardness, averaging 250 mg/1, is of ;the temporary type. Iron concentrations are generally less than 1 mg/1 and range from 0.2 to 9 mg/1. The pH of the water is generally slightly alkaline.
Unconformably overlying the Cretaceous ,to lower Tertiary marine sediments, in many places along the coast, are unconsolidated continental deposits of red limonitic, sandy, pebbly clay with a basal quartz gravel of probable Miocene to Pliocene age. These deposits cover most of the Cretaceous and lower Tertiary sediments in the Keta district of southeastern Ghana and much of the Cretaceous in the Half Assini area of the 1Vestern Region. The deposits are as much as 100 feet thick in some places but thin to a featheredge away from the coast and are hydraulically connected with the Cretaceous to lower Tertiary sediments in the higher, more inland areas.
ALLUVIAL PROVINCE
Surficial deposits of Quaternary age are generally not thick or areally extensive in Ghana. Locally, however, relatively thick deposits of permeable water-bearing alluvium are present in the valleys of the larger streams, such as the Volta River and its tributaries. Extensive but relatively thin alluvial deposits also occur on the delta of the Volta River in southeast Ghana (pl. 2).
Although the alluVlial deposits have not yet been developed to any significant extent for water supply, they have considerable potential. In particular, the alluvial deposits-where permeable, relatively thick, GROUND-WATER RECONNAISSANCE, REPUBLIC OF GHANA K19 and located adjacent to ~perennial streams-offer desirable locations for shallow, vertical, or horizontal wells, which can induce river recharge and supply moderate to large water supplies for municipal, ~irrigation, or industrial purposes.
PRESENT USE OF GROUND WATER Current (1964) ground-water development in Ghana in~ludes a large but uncounted number of hand-dug domestic wells and approxiInately 700 successful boreholes drilled for ·public and village water supply. Virtually all the boreholes were drilled by the Water Supplies Division, partly with departmental drilling equipment and partly under private contract.
In 1964 the Water Supplies Division in Ghana was operating 19 water-supply installations that obtain water entirely or in p~.rt :from boreholes. These supplies are metered, and quarterly reports are filed with the Chief Engineer at I\:umasi. The average pumpage from each of these 19 installations was approximately 1 mgd during 1963. In order to arrive at an estimate of the total ground-water use in Ghana from borehole sources, it was necessary to assume that the successful boreholes were probably being used to their total tested cap.wity for about 12 hours a clay. The estimated ground-water use for eac 1 1 hydrologic unit was calculated by using the average yield times the total number of successful boreholes times 12 hours of daylight operation.
The estin1atecl total ground-water withdrawal frmn boroholes in Ghana during 1963 was approximately 11 1ngd. Table 1 sblws the estimated ground-water pumpage by geohydrologic province, geologic unit, and geographic area or political subdivision in gallons per clay. 
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GROUND-WATER PROBLEMS
In 1nany parts of Ghana it is difficult to obtain large or even adequate ground-water supplies because of the wide ·distribution of crystallinetype rocks in the Precambrian province. These rocks ·contain only small quantities of water in fractures and faults. In many plaees, however, deep weathering has produced a permeable horizon ,that is of varying thickness and that caps the unweathered crystalline rock. Where this horizon lies in the zone of saturation, the probabilities for cmnpletion of successful :boreholes are greatly enhanced. On the other hand, weathering may yield clayey products that fill the fractures and faults in the unweathered rock and reduce their ·permeability and waterstoring potential. In areas where crystalline rocks occur, it may be possible to improve siting, and thereby to obtain larger yields frmn boreholes, through careful and detailed study of existing borehole records, joint and fault patterns in the rocks, and their relationship to the topography 'and surface drainage. In general, top'lgraphically low areas in the crystalline rocks are more favorable for siting boreholes because they commonly indicate zones of jointing of fracturing. Also, the relationship of borehole yields to rock types would merit careful study in the Precambrian province.
The present yields obtained from boreholes in the sandstones and shales of the Voltaian province are also relatively small (1 to 50 gp1n). Owing to consolidation and cementation, IntlCh of the primary pore space in these rocks has been destroyed, and water occurs chiefly in the secondary fractures developed along joints and beiding planes of the rocks. The generally stable 1nineral composition of the rocks of this province permits little development of secondary permeability that might result frmn dissolution or decomposition of the intergranular cmnenting Inaterial. The generally ilnpervious character of the near-surface unweathered rocks allows only mini1nurn opportunity for infiltration and recharge to ground water. The water problem in the Voltaian province is also complicated, at least in the north-central part of the V oltaian sedimentary basin, by the presence of highly Inineralized water in the rocks. This appears to be a rather widespread eondition, as indicated by the salty water obtainei from boreholes at Daboya, Tamale, and Makongo. On the other hand, exploratory drilling to date ( 1964) in the Voltaian province hr.s not proved conclusively the presence or absence of possible artesian aquifers at depth. Several deep ( 2,000 feet or 1nore) boreholes, perhaps located on an east-west line bet wen Wen chi and l{ete l{rachi, would be desirable to explore for artesian aquifers in the central part of the Voltaian sedimentary basin. Moreover, where ground-water supplies in sub-
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stantial quantity are needed in this province, attention should bB given to the feasibility of development of shallow ground water in the alluvial fillinaterials adjacent to perennial streams, from wher<) river infiltration can be used for recharge.
Aquifers in the sem.iconsolidated or unconsolidated Cretaceous and Tertiary sediments of the Coastal Plain province in the southeastern and southwestern coastal areas of Ghana have the potential fOJ~ yielding moderate (50 to 200 gpm) to large ( 200 to 500 gpm) supplies of water from properly constructed and developed boreholes. Th~ presence brackish or salty water, however, in a few of the existing boreholes in both these areas is indicative of potential salt-water enm"X)achment problems, and care should be exercised in the full development of these aquifers. 
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